All eukaryotic mRNA species show a characteristic individual translational efficiency under conditions of restricted polypeptide chain initiation caused by an increase in the osmolarity of the growth medium. In vaccinia virus infected L cells or HeLa cells virus mRNAs can be grouped into classes on the basis of their relative labelling under standard and hypertonic conditions. Under the latter conditions, most of the 'early' mRNAs possess very high translational efficiencies, most of the 'intermediate' mRNAs show an intermediate efficiency and the most prominent 'late' mRNAs show a translational efficiency which is lower than that of other virus mRNAs but still higher than the average cellular mRNA. Late in the infection cycle virus mRNAs with a relative low translational efficiency are preferentially translated under standard growth conditions whereas 'early' virus mRNAs which are still present and which show a higher translational resistance to hypertonic conditions are not translated. These results indicate a unique translational control operating late in the growth cycle of vaccinia virus.
INTRODUCTION
Virus induced inhibition of host macromolecular synthesis has been extensively studied in many RNA and DNA virus-host cell systems. This suppression occurs during productive or abortive infection and can be induced by exposure of cells to u.v.-inactivated vesicular stomatitis or vaccinia virus (reviewed by Bablanian, I975), or to isolated virus proteins (adenovirus, Levine & Ginsberg, I967) . Virus proteins might directly interfere with host macromolecular synthesis (Racevskis, Kerwar & Koch, I976) , or alternatively, they might trigger pre-existing regulatory mechanisms of the host (Nuss, Oppermann & Koch, I975) . In spite of many studies, not much is known about the mechanism of the virus-induced inhibition of host DNA, RNA or protein synthesis. Control of protein synthesis in animal cells is thought to be accomplished mainly by the differential synthesis of mRNA, that is, the amount of each individual mRNA present in the cell determines the rate of synthesis of the corresponding protein. This control is dependent, however, on an abundant supply of all cell components required to form a peptide chain initiation complex. When peptide chain initiation is inhibited, the control on the translational level becomes decisive . It was proposed that inhibition of peptide chain initiation accounts for the inhibition of host cell protein synthesis following infection of cells by poliovirus (Leibowitz & Penman, I97I) . In agreement with this hypothesis are our observations that virus rnRNA can initiate protein synthesis under conditions where the initiation of translation of functional host mRNA is severely inhibited (Nuss et al. I975; Koch & Oppermann, I975 (p.i.) . The plaque titre was determined on chick embryo fibroblast monolayers (Salzman, Shatkin & Sebring, I963) . For infection, cells were incubated at 5 × IO6/ml with 5 p.f.u, of vaccinia virus/cell for 3o rain at 37 °C in minimum essential medium (MEM; Eagle's medium F-II, GIBCO) supplemented with 5% foetal calf serum (Flow Laboratories). Thereafter, the cells were diluted I : to with medium and further incubated at 37 °C.
Experimental conditions for isotope labelling. Cells were infected as described above. Mock infected cultures were incubated in parallel. At different times after virus infection (addition of virus equals o-time) or after mock-infection, samples of 8 × Io 5 cells were withdrawn from the cultures and placed into lO × 75 mm culture tubes. The cells were pelleted by a short centrifugation (2 min at t5oo rev/min) in an International table top centrifuge and washed in MEM lacking methionine (-meth MEM). After a second centrifugation residual medium was dried off the tube walls and 2oo #1 isotonic or hypertonic (Ioo mR excess NaC1 in the medium) -meth MEM buffered by Io mM- N-z-hydroxy-ethyl-piperazine-N'-ethanesulphuric acid (HEPES), pH 7"2, was added resulting in a cell concentration of 4 × IO° cells/ml. The cells were incubated in a waterbath at 37 °C with occasional shaking for I5 rain, the time required for a complete run-off of ribosomes from those mRNAs that were selectively affected by HIB. Thereafter, the cells were pulse labelled by adding appropriate amounts of ~S-methionine (NEN, Ioo to 4oo Ci/mmol) and incubation continued for I5 rain. Since the hypertonicity by Ioo m~-NaC1 in excess caused approx. 9o % inhibition of protein synthesis in mock infected HeLa cells, the hypertonic samples received Io × more radiolabel than the isotonic control, in order to obtain the same amount of total label in all samples. The cells in isotonic MEM received Io #1/2oo #1 of a t : Io dilution of aSS-methionine in -meth MEM and the cells in hypertonic medium I o #1 of 35S-methionine in 2oo/~1 of medium made hypertonic (i.e. 25o mM-NaC1 in excess) by addition of an appropriate amount of 4 M-NaCI. Incorporation of 35S-methionine into acid-precipitable material was determined in IO #1 samples by the method of Mans& Novelli (I96I) and was found to be linear for at least 3o min. After labelling, samples containing approx. 2 × Io 6 ct/min in acid-precipitable form were diluted with z ml ice-cold medium containing Io mM-unlabelled methionine, that is IOO × the normal concentration of methionine in MEM or a IoT-fold excess in methionine concentration over the labelled methionine added to -meth MEM. The cells were centrifuged, resuspended in t ml warm chase medium and incubated for another I5 min at 37 °C.
Lysis of cells and SDS-polyaerylamide gel eleetrophoresis.
After the chase the cells were sedimented and all remaining medium carefully removed. The cells were rapidly suspended and lysed by addition of Ioo/~1 electrophoresis buffer (o.o8 M-tris-HC1, pH 6.8, 2 ~/o SDS, 5 % mercaptoethanol, Io % glycerol and o-ool % bromophenol blue). Samples were boiled in sealed glass tubes for IO min. The proteins were separated by electrophoresis on 2o cm long 7"5 or I2. 5 % polyacrylamide (ratio of acrylamide to bisacrylamide 6o: 1.6) slab gels in a buffer system as described by Laemmli & Favre (~973) .
Samples containing comparable amounts of radioactive label, achieved by varying the input label (see above), were adjusted to the same number of counts by dilution with unlabelled cell lysates to obtain the same protein concentration in all samples. Eighty to Ioo #g protein with at least Tooooo acid-precipitable ct/min in volumes of 2o to 3o #1 were loaded intoIn the discontinuous buffer system the migration of polypeptides does not accurately reflect their mol, wt, and the given numbers serve merely for orientation on the autoradiographs. Proteins are referred to as for instance p4 o, that is migrating in our system with an approximate mol. wt. of 40000. 
RESULTS

Comparison
Sequential synthesis of vaecinia virus induced proteins
Mouse L 929 cells in suspension were infected with vaccinia virus at a low multiplicity of infection (5 p.f.u./cell). At different times after addition of virus, the cells were pulse labelled with a~S-methionine for I5 min. The total incorporation of asS into proteins in each pulse did not significantly change during the duration of the experiment, indicating that vaccinia virus infection did not cause a reduction in total protein synthesis in contrast to poliovirus infection where such a reduction occurs early in the replication cycle (Nuss et al. 1975) . The labelled proteins from total cellular lysates were separated by SDS-polyacrylamide slab gel electrophoresis in a discontinuous buffer system (Laemmli & Favre, I973) . The autoradiographs are shown in Fig. 2 . The visual analysis of the autoradiographs reveals 3 parameters for the synthesis of each protein: (a) the earliest time the protein can be detected, (b) the time of maximal synthesis and (c) the duration of synthesis. The positions of new polypeptides are marked by dashes at the times of their earliest detection (Fig. z) . The synthesis of a new virus induced polypeptide is also suspected when a preexisting band of a host protein increases in intensity. The synthesis of new virus induced polypeptides commences at 3 different time periods. The corresponding proteins were named and referred to as: early or pre-replicative (35 to 82 min), intermediate or early postreplicative (I35 to 165 min) and late or late post-replicative (3"5 to 6.o h) proteins, respectively. The largest number of virus induced polypeptides became detectable when samples taken at early times after infection were compared with those from mock infected cells. The most prominent newly synthesized polypeptide bands migrated in the gel with mol. wt. of I2O, 94, 81, 59, 32"5, 28"5, 22, 16"5, I4"5, 13"5, 11"5, 9"8, 8 .8x IO a. Other virus induced polypeptides appear with tool. wt. of 74, 67, 63, 53, 50, 44, 42, 37"5, 36"5, 35, 33"5, 3I"5, 29, 27, 26, 25"5, 25, 23"5, 23, 21, 19, 18"5, 16 , Io x io a. The early polypeptides migrating with 94 and Iaox IO a have been described previously by several authors (Joklik, I968; Esteban & Metz, I973; Pennington, I974) , whereas other early polypeptides are not so easily comparable to previously described virus induced proteins. Discrepancies found with regard to mol. wt. are most probably due to the different gel systems used. Host protein synthesis proceeds with a continuously diminishing rate after infection. However, no preferential inhibition of individual host peptides is observed. Some of the very early poly- Polymerase -- At different times after infection samples from infected or mock infected cultures were pulse labelled for 15 min with a~S-methionine and chased for 15 min. Total cells were solubilized and the proteins were electrophoretically separated on a I2'5 ~ slab gel in two independent runs, as described under Methods. One set contained the samples from all pulses before and the other set those after 3'5 h. This caused slight differences in the migration of individual proteins, for instance the reverse order of migration of the double band at 67ooo. 71, 63, 57, 49, 47"5, 45"5, 45, 18"5, I8 and 13 × lO 3 . Some of these polypeptides correlate well with the intermediate polypeptides described (Pennington, 1974) . The proteins p2o and 24, are maximally synthesized late in infection whereas all other intermediate polypeptides show their maximum rate of synthesis at about 3"5 to 4"5 h p.i.
A drastic change in the labelling pattern is observed between 3 and 4 h after virus addition to the cells. The synthesis of host polypeptides ceases completely, that of early virus proteins is greatly diminished. Most of the intermediate proteins are made at maximum rates. At least three new high mol. wt. polypeptides (p84, 81 and 63) are synthesized in large amounts. All of these polypeptides are precursors for smaller polypeptides and the 2 major ones of them correspond to P4a and P4b (Katz & Moss, 197oa, b; Moss & Rosenblum, ~973; Pennington, 1974) . Other late polypeptides are P44, 37, 36"5, 35"5, 30, 27, 18, i7.5, i4.5, 14, 1I'7, 1I'5, I1.2, lO'4, lO, 9"4, 9 "3 and 9.1. The major ones are p3o, 17"5, 11.2 and Io. Two polypeptides of 69 and 58 × Io 3 appear only very late (6 h p.i.).
Changes in sensitivity of total protein synthesis to HIB during the course of vaccinia virus replication
Total protein synthesis becomes progressively more resistant to HIB with time after infection of cells by polio-, vesicular stomatitis, reo-, or Semliki forest virus (Nuss et al. 1975 , and our unpublished observations). One method to search for differential sensitivities in initiation of host and virus protein synthesis is to determine the effect of HIB on total protein synthesis during a virus replication cycle. Since infection of cells with a high multiplicity of vaccinia virus results in a decrease in total protein synthesis (Moss, 1968) , we chose a low multiplicity of infection where the level of total incorporation of 35S-methionine into protein remained constant during the virus replication cycle.
HeLa Sa suspension cells were infected by vaccinia virus at a multiplicity of 5 p.f.u./cell. At different times, thereafter, cells were pulse-labelled for 15 min with 3~S-methionine in either isotonic or hypertonic medium 0oo mM-NaC1 excess) as described in Methods. A mock-infected culture served as control. Under isotonic conditions, incorporation of 35S-methionine into proteins in both mock-infected and vaccinia virus infected cells remained constant during the course of the experiment. Protein synthesis in mock-infected cells is 9o % inhibited by lOO mM-NaC1 excess within I5 min, and the degree of inhibition did not change during the experiment. Under hypertonic conditions, infected cells incorporated 2 to 3 times more aSS-methionine between 9o and 18o min p.i. than the uninfected cells (Fig. 3) . Appearance of virus mRNA in polysomes, with higher efficiency of initiation in the presence of HIB is assumed to cause the increase of resistance of protein synthesis to HIB. Between 3"5 and 4"5 h p.i., however, the resistance of protein synthesis to HIB is only 1.5-fold higher in infected cells than in mock-infected cells, but this difference increased up to 3"5-fold at 6"5 h p.i. In vaccinia infected cells, at low m.o.i, shut-off of host and of early virus protein synthesis is clearly detectable by 3 to 4 h p.i. (Pennington, I974). Provided that competition between different virus mRNAs regulates the mechanism of sequential synthesis of virus proteins, one would expect a continuous increase in resistance of mRNA translation to HIB. The decrease and increase in sensitivity of total protein synthesis to HIB during the course of vaccinia virus replication revealed the possibility of a more sophisticated control. Therefore, labelling patterns of proteins synthesized under isotonic and hypertonic conditions in mock-infected and vaccinia infected cells were analysed by polyacrylamide slab gel electrophoresis.
Different&l resistance of host and virus rnRNA translation to HIB
Vaccinia virus infected and mock-infected HeLa cells in suspension were pulse labelled at different times during the virus growth cycle with 35S-methionine, in isotonic and hypertonic medium. Fig. 4 shows the autoradiographs of labelled proteins from total cellular lysates. To obtain an identical number of counts for each well, we compensated for the inhibition of total incorporation of/abel by HIB by increasing the amount of input label in the inhibited culture and finally adjusting the protein concentration in the sample prior to electrophoresis by diluting and adjusting with carrier protein. Since identical amounts of total label were separated in each channel, changes in the distribution of label in individual polypeptides due to HIB are directly visible. Equal intensities of corresponding bands in the autoradiographs, therefore, indicate that inhibition of the corresponding protein is equal to the average or overall inhibition. Increasing or decreasing intensities indicate higher or lower than average translationaI efficiencies of the corresponding mRNA species in the presence Fig. 3 were analysed by electrophoresis on a I2"5 % slab gel. At different times after infection, samples were treated with hypertonic solution and pulse labelled for x5 min as described in Methods, Samples labelled under isotonic and hypertonic conditions were fractionated in two sets, but were rearranged in pairs of control (left channel) and HIB treated sample (right channel), which resulted in some slight mismatching in the high and tow tool. wt. regions. In order to demonstrate the effect of HIB on the distribution of label, identical numbers of ct/min were loaded on each well. Mol. wt. markers (not shown) were the same as in Fig. I Fig. 4 allows a rating of individual proteins with respect to their relative labelling under isotonic and hypertonic conditions. The early vaccinia virus proteins are even more intensively labelled under hypertonic conditions than the host proteins just referred to. The protein pattern of infected cells pulse labelled under isotonic conditions at 3o min p.i. showed no difference from that of the mockinfected cells. However, a comparison of the two autoradiographs obtained from the parallel cultures (mock and 3o min p.i.) exposed to HIB reveal the synthesis of several new virus induced polypeptides (Fig. 4 , bars on the right p32"5, 29"5, 25, 22, 11"5 and I I.O). The protein migrating at 32"5 × IO a is considered to be a virus induced polypeptide, although it co-migrates with a prominent host band. However, the label in the host protein is drastically reduced in the mock infected cells by HIB while in infected cells the corresponding band does not decrease in intensity. The synthesis of early vaccinia proteins were unmasked by HIB to a comparable extent as previously found for other virus proteins in several RNA virus infected cells (Nuss et al. 1975) .
At 75 min p.i. the polypeptides p28"5, 22 and a new polypeptide pI 9 are clearly detectable in the isotonic sample. A large number of new virus induced polypeptides is seen clearly only in the sample labelled under hypertonic conditions: e.g. p12o, 94, 8I, 74, 63, 59, 53, 5o, 44, 35, 33"5, 32, 31"5, 29, 27, 26, 25"5, 23, I8"5, I6"5, I4"5, io, 9"8; p19 behaves differently as it is not enhanced to the same extent as the other early polypeptides (Table I) .
Labelling at 1IO min p.i. does not show significant differences with the samples labelled at 75 min. Host protein synthesis is not yet severely affected under isotonic conditions. At 2.75 h p.i., however, a new set of bands appears both under isotonic and hypertonic labelling conditions: the early post-replicative or intermediate proteins are p67, 57, 45, 34"5, 3 I, 25, 24, 2o, 12" 5. The relative labelling of these polypeptides is only slightly enhanced by HIB (in contrast to the pre-replicative polypeptides P94, 53, 32, 28"5, 26, 22 or I6"5) ; the postreplicative p24 is even preferentially suppressed by HIB. An exception is p25, an intermediate protein, which is only detectable in the HIB treated sample.
At 3"5 h p.i. late post-replicative polypeptides appear in the isotonic sample with apparent mol. wt. of 84, 8I and 63 x ioa; but these are suppressed by HIB. The same observation is made again in samples labelled at 4"5 h p.i. The band at 63 x io 3 corresponds most likely to P4b, since it is cleaved into a structural virus protein (Katz & Moss, 197o a, b ; see also Fig. 1 ). In the position of p8I a dramatic increase can be seen, corresponding to the appearance of P4a, which is also suppressed by HIB (and also cleaved into a structural protein). (The bands of P4a and P4b migrated both slower than the neighbouring major polypeptides in a 7"5 % gel.)
Of the other newly appearing polypeptides, pI7"5 is enhanced, P37 is moderately resistant, Vaccinia virus directed protein synthesis 27I
and pi6"5 is suppressed by HIB. The labelling pattern at 5"5 h is similar to the one at 4"5 h p.i. Note that the relative labelling of the early virus proteins P94, 53, 32"5 and 28'5 are markedly increased under hypertonic conditions, indicating that these mRNA species retain their high translational efficiency under hypertonic conditions also late in infection. Table r lists a rating for the relative translational efficiencies of vaccinia virus mRNAs. It has to be considered, however, that the synthesis of all late polypeptides is more resistant to HIB than that of host polypeptides in mock-infected cells. The overall resistance to HIB at the time of late post-replicative mRNA translation is 3"5-fold higher when compared to mock-infected cells (see Fig. 3 ). This result and the higher sensitivity of late rather than of early vaccinia virus mRNA translation to HIB will be further commented on in the Discussion section.
DISCUSSION
Previous studies on the regulation of mRNA translation in RNA virus infected cells (Nuss et al. I975) and in SV4o infected cells (Oppermann & Koch, I976 ) have shown that virus protein synthesis can be unmasked from host protein synthesis by HIB. Under the above conditions, where peptide chain initiation is selectively inhibited, virus mRNA in general shows a higher translational efficiency than host mRNA. Although the exact mechanism of inhibition of peptide chain initiation by HIB is not clear, one straightforward explanation is that exposure of cells to HIB lowers the rate of polypeptide chain initiation by reducing the binding ability of ribosomes for mRNA (Nuss & Koch, I976 ) . The higher translational efficiency, or the postulated higher affinity of virus mRNA for ribosomes, would enable virus RNA to compete effectively with host mRNA for ribosomes. In combination with a continuous accumulation of virus mRNA, this competition alone could result in a shift from host to virus directed protein synthesis and might well account for the increase in the synthesis of virus induced proteins in the early phase of vaccinia virus replication following infection of L or HeLa cells with low multiplicities. A similar mechanism was suggested for a comparable shift in protein synthesis in reovirus infected L cells (Nuss et al. I975) .
To explain the sequential synthesis of virus proteins at intermediate and late times in the vaccinia virus growth cycle by a competition mechanism, however, one would predict an instability of early virus mRNA and/or higher translational efficiency of late mRNA. Our results contradict both these assumptions. Our data show that late in vaccinia virus infection, some early virus mRNAs are still present and their relative translation is enhanced when total protein synthesis is inhibited by HIB. Although these results do not yield information on the amount of early virus mRNA present late in infection (Ode & Joklik, I969), they do indicate that early virus mRNAs show higher translational efficiencies than late mRNAs.
The overall resistance of total protein synthesis in vaccinia virus infected L or HeLa cells to HIB first increases (up to 2"5 h p.i.) and later decreases again at 3"5 h p.i. (Fig. 3) A second increase commences at 4"5 h together with the onset of late mRNA translation. The decrease in resistance to HIB at 3"5 h coincides with the cessation of host mRNA translation and with a shift in translation of early virus mRNA (with higher translational efficiency) to intermediate mRNA (with lower translational efficiency). Total protein synthesis in vaccinia virus infected L or HeLa cells becomes progressively more resistant to HIB late in infection. This change is not accompanied by an increase in the translational efficiency of late virus mRNA, suggesting that it is due to alterations other than those causing an increase in the binding of mRNA to ribosomes. It is conceivable that virus induced modifications in the structure of the cell membrane make the cell more refractory to the effects of hypertonic medium. We have previously suggested a similar mechanism to explain the higher resistance of protein synthesis in SV4o transformed 3T3 cells as compared to 3T3 cells (Oppermann & Koch, ~976) . The sequential synthesis of the vaccinia virus proteins do not appear to be regulated by differential translational efficiencies of virus mRNAs. Our results do not offer a straight-forward explanation for the events which regulate the cessation of early mRNA translation and the onset of the translation of late virus mRNA. Based on studies employing various inhibitors of macromolecular synthesis, different mechanisms have been proposed for the inhibition of host protein synthesis and for the cessation of early vaccinia virus mRNA translation late in infection. Virus proteins derived from parental virus (Moss, I968) , or a class of virus RNA may cause alterations in the protein synthesizing machinery of the host cells (Bablanian, 1975; Rosemond-Hornbeak & Moss, I975) . These alterations may cause specific interference with the translation of certain mRNA species and enhance the translation of others. The preparation of cell-free protein synthesizing systems from uninfected and vaceinia virus infected cells at different times in virus replication and their use in an analysis of the translational efficiencies of host mRNA and virus mRNA isolated from vaccinia virus infected cells at different times during the replication cycle may shed some light on this important problem.
